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Abstract

In this thesis, results of neutrino-nucleon neutral current (NC) elastic
scattering analysis are presented.

Neutrinos interact with other particles only with weak force. Measure-
ment of cross-section for neutrino-nucleon reactions at various neutrino en-
ergy are important for the study of nucleon structure. It also provides data
to be used for beam flux monitor in neutrino oscillation experiments.

The cross-section for neutrino-nucleon NC elastic scattering contains the
axial vector form factor G 4(Q?) as well as electromagnetic form factors unlike
electromagnetic interaction. (G4 is propotional to strange part of nucleon
spin (As) in @* — 0 limit. Measurement of NC elastic cross-section with
smaller % enables us to access As. NC elastic cross-sections of neutrino-
nucleon and antineutrino-nucleon were measured earlier by E734 experiment
at Brookheaven National Laboratory (BNL) in 1987. In this experiment,
cross-sections were measured in Q? > 0.4 GeV? region. Result from this
experiment was the only published data for NC elastic scattering cross-section
published before our experiment.

SciBooNE is an experiment for the measurement of neutrino-nucleon scat-
tering cross-secitons using Booster Neutrino Beam (BNB) at FNAL. BNB has
energy peak at 0.7 GeV. In this energy region, NC elastic scattering, charged
current elastic scattering, charged current pion production, and neutral cur-
rent pion production are the major reaction branches.

SciBar, electromagnetic calorimeter, and Muon Range Detector are the
detectors for SciBooNE. The SciBar consists of finely segmented scintillators
and 14336 channels of PMTs. It has a capability to reconstruct particle track
longer than 8 cm and separate proton from muons and pions using energy
deposit information.

Signal of NC elastic scattering is a single proton track. In vp — vp
process, the recoil proton is detected. On the other hand, most of vn — vn is
invisible because there are only neutral particles in final state, but sometimes
recoil neutron is scattered by proton and recoil proton is detected. Signal of
this event is also single proton track. Event selection for the single proton
track events using geometrical and dE/dz information of reconstructed track
is performed. After the event selection, NC elastic scattering data sample
is obtained. They includes vp — vp and vn — vn is obtained. Absolute
cross-section as a function of Q% is evaluated from this NC elastic scattering
data sample.
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Chapter 1

Introduction

Neutrino is a particle introduced by Pauli in 1930. Electrons emitted in nu-
clear beta decay were expected to have a discrete energy for two-body decay,
but they were discovered to have continuous energy spectrum. To main-
tain energy conservation, existence of neutral, light particle was suggested
by Pauli. The particle is called “neutrino”.

Neutrino is a particle with spin 1/2. The neutrino is left-handed while
anti-neutrino is right-handed. Neutrino interacts with nucleon only by weak
interaction. The interaction is mediated either by a W boson or Z boson.
Neutral Current (NC) interaction is an exchange of a Z boson while Charged
Current (CC) interaction is an exchange of a W boson. Weak interaction
only couples to left-handed particle. In other words, parity is violated.

Neutrino-nucleus scattering cross sections have been measured by several
experiments. However, statistics of experimental data is low in energy region
around 0.7 GeV.

In this energy region, several channels of neutrino interaction exist. In
NC elastic scattering, there are one neutrino, one nucleon and nothing else in
the final state (VN — vN). This channel is one of the main components of
neutrino-nucleon interaction in the neutrino energy region around 0.7 GeV.
In this energy region, the fractions of NC is 28.7%, CC is 71.3%. Fractions
of NC elastic scattering is 17.6%, NC pion production is 11.0%, CC elastic
scattering is 40.7% and CC pion production is 30.7%.

Form factor describes a difference of cross sections between point-like
target and target with actual size. Cross section for neutrino-nucleon NC
elastic scattering contains electro-magnetic form factor and axial form factor.
Each form factor includes strangeness part. Strangeness part of axial form
factor G 4 is proportional to strangeness component of nucleon spin (As) in
the Q? — 0 limit. Quark spin contribution to the nucleon spin was measured
by EMC experiment in 1988. It was only 12+9+14 % though it was expected
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to be 100 %.

Cross section for NC elastic scattering was measured by E734 experiment
at BNL in 1980’s [1]. From the analysis of the data from this experiment, As
was evaluated to be between —0.21 and 0. This experiment proved that As
can be measured by neutrino-nucleon scattering. However, the data from this
experiment contains large systematic and statistic errors. One of the causes of
large systematic error is that E734 was not able to measure cross section with
Q? less than 0.4 GeV?. New experiments are necessary to determine As with
a better accuracy. SciBooNE can measure cross section with * down to 0.2
GeV? using fully-active, finely segmented tracking detector called “SciBar”.
It uses a high intensity neutrino beam from Booster Neutrino Beam at FNAL.

CC interactions are also measured at SciBooNE. Cross sections for CC
interactions are independent of As. Taking ratio of cross sections of NC
elastic events and CC events helps to cancel systematic errors in the beam
profile.

Furthermore, it is important for neutrino experiments such as neutrino
oscillation experiments to know cross sections of signal and background chan-
nels precisely.

SciBooNE can also provide neutrino flux information to neutrino oscilla-
tion experiment MiniBooNE which is on the same axis of the neutrino beam
at FNAL. It improves sensitivity to the v, (7,) disappearance experiment
[12].
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Chapter 2

Neutrino-Nucleon Interaction

2.1 Neutrinos

Neutrinos are neutral, light particles with spin 1/2. There are three flavors of
neutrino: v.,v,, and v;. They corresponds to the flavors of charged leptons,
e, and 7. Neutrinos interact only via W+ and Z° bosons.

Neutral current (NC) is a process where a Z° boson is exchanged. Charged
current (CC) is a process where a W= boson is exchanged. Weak interaction
has much less probability to take place compared to other interactions be-
cause the masses of W and Z° are large (80 GeV for W%, 91 GeV for Z°)
and needs a large amount of energy to produce.

Neutrinos have two state of handedness (chirality), left-handed and right-
handed state. In the weak interaction, left-handed particles and right-handed
anti-particles interact in different way. Interaction via W™ boson only cou-
ples to left-handed particle while interaction via W~ boson couples to right-
handed anti-particle. In other words, parity is violated.

Helicity is the projection of the spin onto its momentum vector. It is
written as

(5. 7)

ho= s (2.1)

where S is the spin and 7’ is the momentum of the particle. If the projection
of the spin has the same direction as the momentum, helicity is positive. If
the projection of the spin has opposite direction as the momentum, helicity is
negative. For massless particles such as photon or gluon, helicity is Lorentz
invariant because there is no frame that the projection of the spin is inverted.
Their helicity is invariant and identical to chirality. For massive particles,
helicity is not Lorentz invariant and distinguished from chirality.
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Only left-handed neutrinos and right-handed antineutrinos have been ob-
served. It is considered that only left-handed neutrinos and right-handed
antineutrinos exists. This fact is included in the Standard Model. Neutrinos
is predicted to be massless in Standard Model. However, the experimental
data from neutrino oscillation experiments showed that neutrinos have mass.
The Standard Model must be extended to include the missing chiral states.
Neutrinos with the missing chiral states are called “sterile” neutrinos and do
not interact via W+ or Z°.

2.1.1 Charged Current Interactions

Charged current interactions are weak interactions via W= bosons. In neutrino-
nucleon scattering, neutrinos exchange charge with the nucleon and turn into
charged leptons. Figure 2.1 shows Feynman diagrams of CC elastic and CC
1-m production reaction for v,. In an experiment, CC interactions can be
distinguished from NC interactions by finding charged leptons in the final
state.

Cross-sections for CC interactions were measured by several experiment.
However, in the neutrino energy region below 1 GeV, there are very low
statistics for neutrino cross-section and no data for antineutrino cross-section
(Figure 2.2). SciBooNE measures cross-sections in this energy region. It gives
important information to neutrino experiments planning to use this energy
region such as neutrino oscillation experiment T2K.

Figure 2.1: Feynman diagrams of CC elastic and CC 1-7 production reaction.

2.1.2 Neutral Current Interactions

Neutral current interaction was first observed in 1973 by the Gargamelle
bubble chamber at CERN [3][4]. They observed NC deep-inelastic scattering
vN — vX and an elastic electron scattering event ve~ — ve~ using v, and
7.

16



' ' |||\| ' ' ||1||w| '

e 1 Co e
S | neutrino ke _
8 i ® BNL 7-feet
— 1.00 — C ANL 12-feet S
™ N ® ANL 12-feet ]
E ]
u 4] 75 .-— “\ __
g: - : ‘\I = - _"‘n‘n E
- i 5 ]
Samr PBO - ~—
a [ y.
w i Total CC ]
— = ssssssssssses H(DIS) .
b o2 4 TIFgr 0 e algel)
L g T aeao: 00202020 Eesiam o{lm)
: = ]
0.00 L v .@l L -..r'r". L i | T-:TT'_""T—#- | N a
0.1 0.5 10 5.0 _100 50.0 100.0
E, (GeV)
— H
> i
[
o
&
= PRFPPEELEE
o
o0
?
2 | !
bt !
) lean-: ;
ul swens Fiimi Gas, C ,j Egyr=25 Mel
= wen Frmi G2, C ;i E =25 Mel, Bounded EF
o] m v SKAT 90, CF.Br 4 v Serjukov 65, Al |
O e i i s R Do i O
4 6 8 10 12

E, (GeV)
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Neutrino-nucleon NC elastic scattering was observed by the Columbia-
Mlinois-Rockfeller (CIR) [5] and Harvard-Pennsylvania-Wisconsin (HPWB)
[6][7] collaborations at Brookhaven National Laboratory (BNL). They ob-
served up to 100 events of vp — vp (Up — Up). These experiments were able
to set bounds on electroweak theory by constraining sinfy,. It was discov-
ered by HPBW collaboration that the Lorentz structure of the neutral weak
current is vector - axial-vector after taking more statistics.

There are several channels of neutrino-nucleus neutral current interaction
such as elastic, pion production and deep inelastic scattering. Unlike CC
events, there is no charged lepton in final state. NC events can be detected
by finding hadrons or their decay particles in final state. Figure 2.3 shows
Feynman diagrams of NC elastic and 7° production via A resonance. Around
1 GeV region of neutrino energy, the major fractions of interactions are elastic
and pion production.

Figure 2.3: Feynman diagrams of NC elastic and NC 7° production reaction.

2.2 Neutrino-Nucleon Neutral Current Elas-
tic Scattering

2.2.1 Cross-Section

The neutral weak current of the nucleon is written as

Ju = <NEF(@Q) v+ Fa(Q)0w” + Ga(@) 35N (p) > (2.2)

where F}(Q?), F5(Q?), and G4(Q?) are the nucleon form factors. The first
and second terms are the vector part and the last term is the axial vector
part.

The differential cross-section as a function of Q? is written as

do 1

— = 0 |J]? 2.3
dQ? 647rE§M12\,| | (23)
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where the elements of the matrix J is the neutral weak current of the nu-
cleon from Equation 2.2. The differential cross-section using Llewellyn-Smith
formalism [36] is written

do _ MRGE
dQ? —  8mE?

s—u
2
My

Fo@)s “)2] (2.4)

A(QY) £ BQY) S

where the G is the Fermi constant, s —u = 4MyE, —Q?. & in this equation
is + for neutrinos and — for antineutrinos. A(Q?), B(Q?) and C(Q?) contain
the form factors.

AQY) = M;\[[GZ(MF o )—F3(1— QQ)

4M% 4M%

QN @ Q?

Fy (1 - ) F\F. —} 2.5
2
B(Q?) = A%%GA(FI + ) (2.6)
Q2 - 1[Gil LRy } (2.7)
= 1 2 :
4 4M%
At low Q?, C(Q?) term is dominant.

(Q)? can be written using recoil proton kinetic energy as

Q> = 2M,T, (2.8)

where T), is the kinetic energy of recoil proton. In SciBooNE experiment,
proton track is distinguishable from other charged particles and kinetic en-
ergy of proton is reconstructed using track length. The incident neutrino
energy is determined as

My

E, = 2.9
cost,(1 4 2M,/T,)'/? — 1 (2:9)

where 0, is track angle of the recoil proton with respect to the beam direc-
tion. Q% and E, can be determined without measuring incident energy nor
scattering angle of neutrino.

2.2.2 Strangeness Component of Nucleon Spin

The Q? dependence of the form factors is parameterized using a dipole form.
The Q? dependence of the axial form factor is given as

1 Ga(0)

Ga(Q?) im% +G5(Q°) (2.10)
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Figure 2.4: Kinematics of vp — vp.

where M4 is the dipole cutoff mass, 3 is +1 for proton and —1 for neutron.
G 4(0) is determined from beta decay.

When we consider strange quark contributions to the neutral weak nu-
cleon current, additional form factors need to be introduced. Parameterized
form factors are

s 2 1 _VSQQQ
F(Q7) (eI (2.11)
s 2 o Hs
F(Q7) = (ENaAVEE (2.12)
oy@) = L2 (2.13)
2(1+Q?*/M3)*

where M7 and M, are the relevant masses of the strange vector form factors,
7vs 1s the strange radius of the nucleon (analogous to the nucleon charge
radius), p, is the strange anomalous magnetic moment of the nucleon, and
As is the strange component of nucleon spin.

Measurement of As using electron beams

As can be measured using electron-nucleon deep inelastic scattering (DIS).
Figure 2.5 shows a Feynman diagram of electron-proton deep inelastic scat-
tering. Q? of this interaction is written as

Q@ = —¢ (2.14)
= —(k—F)? (2.15)
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0
= 4EE’sin2§ (2.16)

where k = (E, ?) and k' = (E' ,?) are the momentum of electron before
and after scattering, P = (M, 0) is the momentum of target proton, and 6 is
the scattering angle. Invariant mass W is

W? = (P+q)? (2.17)
= M?+42Pq+¢° (2.18)
= M—2+2Mv—Q° (2.19)

where v is the energy transfered from electron to proton by photon. v is
written

Pq
= 2.2
M (2:20)
Bjorken scaling parameter x is defined as
QQ
= 2.21
2Pq. ( )

For DIS, the value of z is 0 < x < 1. Spatial resolution increases as Q?
become larger and electrons are scattered by point-like particles in the nu-
cleon as was confirmed by past experiments [9]. This point-like particles were
called partons that are known as quarks today. x represents a fraction of the
momentum of a quark inside nucleon at the limit of Q% — co. In DIS inter-
action, a single quark directly interacts with a virtual photon. It does not
interacts with any other quarks. Probability of electron-quark interaction
with z is represented by quark distribution function. Sum of quark distri-
bution functions of strange quark s(x) and its antiparticle () is written
as AS(x) = s(z) + s(x). Strange quark contribution to the nucleon spin is
obtained by performing integration of AS(z) from x =0 to x = 1.

Measurement of As using neutrino beams

As can be measured using vN — v N interaction. This interaction is neutral
current elastic scattering.

Neutrino-nucleon and antineutrino-nucleon elastic scattering cross-section
were measured by BNL E734 experiment [1]. The E734 experiment used the
neutrino beam with the peak energy of 0.6 GeV, the mean energy of 1.2 GeV.
79% of protons in the detector is bound in carbon and aluminum. 21% of
protons are free. Figure2.6 and Figure2.7 shows the v, and 7, beam flux of
E734 experiment.
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Figure 2.5: Feynman diagram of electron-proton deep inelastic scattering.
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Figure 2.6: The v, beam flux of E734 experiment. Dots show the measured
v, flux. The solid curve is a MC beam flux prediction.

I

S
O
T T

=T TTTT

Py /Gev m2 10'3 POT)
3

T 1‘17”]

7 | I | | | 1
1 2 3 4 5 6 I

NEUTRINO ENERGY (GeV )

=]

Figure 2.7: The v, beam flux of E734 experiment. Dots show the measured
v, flux. The solid curve is a MC beam flux prediction.
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Fit | Ga0) | K0 | F0) Mi | xX/Noor

0 0 0 1.086+£0.015 14.12/14
-0.15£0.07 0 0 1.049+0.019 | 9.73/13
-0.1340.09 | 0.49+0.70 | -0.3940.70 | 1.049+0.023 9.28/11
-0.2140.10 | 0.53£0.70 | -0.40+0.72 | 1.012+0.032 8.13/11

=W N —

Table 2.1: The values of the fitting parameters G%(0), F$(0) and F3(0) and
May.

Re-analysis of the E734 data was performed [10]. Figure 2.8 (a) shows
the differential cross-section for vp — vp (upper plots) and vp — vp (lower
plots) measured by E734 experiment. Figure 2.8 (b) shows the ratio of the
cross-section for vp — vp to the cross-section for vp — vp. Solid lines
and dashed lines show the result of fit. Error bars include statistic and Q?
dependent systematic error. From this data, form factors G%(0), F7(0) and
F3(0) are determined by fitting. The x? is defined as

f d 2 f d
2 (o] — 0 /Su) (Uz' — 05 /55)
D P D D
(1—s,8:)* (1—s5,/85)% (Ms—1.061)>
2.22
+ 0.1532 + 0.1532 * 0.0262 ( )

where >, and >, are summations over all measurement points. ozf is the
differential cross section calculated from the form factors considered as pa-
rameters, (T;-j is the measured differential cross section. s, and s; are scale
factors of neutrino and antineutrino data. do; is statistical and Q? depen-
dent systematic error, 0.153 and 0.108 are Q? independent systematic er-
ror. 1.06140.026 GeV is axial dipole mass. Fitting was performed changing
G5 (0), F7(0) and F3(0). The result of the fitting is shown in Table 2.1. Solid
line in Figure 2.8 is the result of fit 1 and dashed line is the result of fit 4.
From this fitting, As turned out to have a value from —0.21 to 0.

This experiment showed that As can be measured using neutrino-nucleon
NC elastic interaction. However, more experiments with new techniques are
needed for more precise measurements since the K734 expeirment had large
systematic error.
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Figure 2.8: (a) Differential cross-section for vp — wvp (upper plots) and
vp — vp (lower plots) measured by E734 experiment. (b) Ratio of the cross-
section for vp — vp to the cross-section for vp — vp. Solid lines and dashed
lines show the result of fit. Error bars include statistic and Q? dependent
systematic error. [1][10]
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Chapter 3

Experimental Setup of
SciBooNE

3.1 Experimental Setup Overview

SciBooNE uses the FNAL Booster Neutrino Beam (BNB) with a peak en-
ergy of 0.7 GeV. Protons with 8 GeV from the Booster hit a beryllium target
and produces mesons, i.e. pions and kaons. The target is surrounded by
a magnetic focusing horn. The produced mesons are focussed, and decay
inside a 50 m long decay volume: 7% — u® +v(v), K* — u* + v(v). The
polarity of the magnetic focusing horn can be changed to select the neutrino
or antineutrino mode which enables us to study both neutrino and antineu-
trino cross-sections. SciBar, an electro-magnetic calorimeter (EC) [16], and
a muon range detector (MRD) [17] are detectors for SciBooNE. They are
located 100 m downstream of the proton target. MiniBooNE detector is lo-
cated 440 m downstream of the SciBooNE detector. Experimental setup of
SciBooNE is shown in Figure 3.1. Air view of the Booster, target station,
decay region and SciBooNE detector are shown in Figure 3.2

3.2 Booster Neutrino Beam

3.2.1 Proton Beam

8 GeV protons from the Booster as the primary beam are provided to the
target station. The proton beam has approximately 4 x 10*2 protons per ~1.6
micro second beam batch at a maximum rate of 5 Hz. The timing structure
within each beam batch has 81 bunches, each bunch is approximately 6 ns
wide, separated by ~ 19 ns.
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Booster Neutrino Beam

100 m 440 m

Figure 3.1: Experimental setup of SciBooNE. SciBooNE detector is located
100 m downstream of the proton target. MiniBooNE detector is located 440
m downstream of the SciBooNE detector.

Trajectories and positions of the proton beam are measured on a pulse-
by-pulse basis. The beam position monitors located near the target measure
the beam alignment and divergence. The beam position and angle are au-
tomatically adjusted to keep the proton beam centered on the target. The
beam profile monitors measure beam focusing on the target. The number of
protons delivered to the target is measured for each proton batch with two
toroids located near the target along the beam line.

3.2.2 Horn and Target

The proton target is located in a target station. The target is 71 c¢m long,
1 cm diameter beryllium. Primary protons hit the target and secondary
mesons (pions and kaons) are produced.

The target is enclosed in the magnetic focusing horn. The horn makes
coaxial magnetic field in the direction of the beam to focus the secondary
mesons produced on the target. The horn current pulse is approximately
174 kA, 143us long, synchronized to each beam spill. The horn can change
the polarity of magnetic field to focus positive charged particles and defocus
negative charged particles, and vice versa.

The secondary mesons from the target decay into neutrinos in the decay
region. The decay region is 50 m long and its radius is 90 cm. The cylindrical
volume is filled with air at atmospheric pressure. A beam absorber is located
at the end of the decay region. It stops the hadronic and muonic component
of the beam.
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Figure 3.2: Air view of the Booster, target station, decay region and Sci-
BooNE detector.
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3.3 Detectors

SciBar, an electro-magnetic calorimeter (EC) [16], and a muon range detector
(MRD) [17] are detectors for SciBooNE (Figure 3.3). They are located 100
m downstream of the proton target. A right-handed Cartesian coordinate
system is used. z axis is the beam direction and y axis is the vertical upward
direction. The origin of the coordinate system is defined as the center of
SciBar in zy plane and the most upstream edge of SciBar in z direction.

SciBar

RGBT
L RL.

Electromagnetic Calorimeter

2m

Figure 3.3: SciBar, an electro-magnetic calorimeter (EC), and a muon range
detector (MRD) are detectors for SciBooNE. They are located 100 m down-
stream of the proton target.

3.3.1 SciBar Detector

The SciBar detector [15] is a fully-active neutrino detector with finely seg-
mented structure. Carbon and hydrogen in the plastic scintillators are the
target nuclei. Its volume is 3x3x1.7 m® and weight is 15 tons. The SciBar
detector consists of 14,336 plastic scintillator bars (Figure 3.4). Dimensions

30



of each plastic scintillator bar are 1.3x2.5x300 cm?. The SciBar detector
consists of 64 layers arranged perpendicular to the beam direction. Each
layer has a vertical plane and a horizontal plane. One plane consists of 112
bars of plastic scintillator arranged vertically or horizontally. The scintil-
lator bars are made of polystyrene, infused with PPO (1%) and POPOP
(0.03 %) with 0.25 mm thickness TiOy coating. The emission wave length is
420 nm at peak position. One wave length shifting (WLS) fiber is inserted
in each plastic scintillator bar. The diameter of the WLS fiber is 1.5 mm.
The attenuation length of each WLS fiber is measured, and is about 350 cm
on average. The scintillation light from the plastic scintillators is sent to a
64-channel multi-anode photo-multiplier tube (MAPMT) through the WLS
fibers. In total, 224 of MAPMT (H8804 made by Hamamatsu Photonics
K.K.) are used in the SciBar detector. Each has 64 anodes with 2x2 mm?
area. The typical gain is 6x10° with a linear response up to ~200 photoelec-
trons (p.e.); the gain uniformity over all channels is 20% in RMS. The fibers
and the MAPMT are connected using a dedicated jig, called a “cookie” (Fig-
ure3.5) to align the fibers to the anodes. There is cross-talk mainly caused by
light entering adjacent channels on the surface of the MAPMT. The average
level of the cross-talk from an adjacent channel is measured to be 3.5%.
The gains of all the SciBar channels are monitored using a gain monitor-
ing system which consists of LEDs, clear fibers, and light injection modules.
The light from four LEDs is sent via clear fibers to each light injection mod-
ule located between the plastic scintillators and every MAPMT. The light
injection modules are designed to uniformly distribute light from the clear
fibers to each WLS fiber. PIN-photo diodes are located near each LED to
monitor the LED luminosity. The gain and pedestal data for each MAPMT
channel are taken between every beam spill to monitor the detector stability.
Light yield and timing resolution of the SciBar detector are evaluated
using cosmic-ray muons. Light yield is ~20 p.e./1.3 cm for minimum ionizing
particles at the detector edge close to the MAPMT. Timing resolution is ~1.6
ns. The number of dead channels of the SciBar detector is one out of 14,336.
Each MAPMT is mounted on a front-end board as shown in Figure 3.5.
Each front-end board has two sets of Application Specific Integrated Circuit
(ASIC), called “VA/TA”. The VA is an ASIC with a preamplifier, a shaper
and a multiplexer which serialize charge from 32 channels of the MAPMT
to a single output. The TA is an ASIC which provides inclusive timing
information for the 32 channels. The front-end boards process signals from
the MAPMTs, and send them to VME-9U backend electronics boards. They
process the charge and timing information from the MAPMT with 12-bit
flash ADCs and 64-ch multi-hit TDCs.
Charged particles whose track length exceeds 8 cm inside the detector are
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Figure 3.4: The SciBar detector consists of 14,336 of the combination of
plastic scintillator bar and wave-length shifting (WLS) fiber. Volume of the
detector is 3x3x 1.7 m?, weight is 15 tons.The Scintillator bars are arranged
vertically and horizontally. Each WLS fiber is attached to one anode of a
multi-anode PMT.
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reconstructed with 99% efficiency.

frontend board clear fiber
light injec

m

VA/TA
holder
/
detector structure WLE
MAPMT

Figure 3.5: The WLS fibers are attached to the MAPMT by the cookie. The
light injection module is located between the scintillators and the MAPMT.
Each MAPMT is mounted on the front-end board.

3.3.2 Electromagnetic Calorimeter

The Electromagnetic Calorimeter called Electron Catcher (EC) is located
downstream of SciBar. The EC is designed to measure the electron neutrino
(V) contamination in the beam and to tag s from 7° decay. The EC consists
of 1 mm diameter scintillating fibers embedded in lead foil (Figure 3.6). The
calorimeter is made of modules of dimensions 262 x 8 x 4 cm®. Each module
is read out by two 1 inch Hamamatsu PMTs per side. Total number of PMT's
is 256. The EC modules were built for the CHORUS neutrino experiment at
CERN [18] and later used in HARP and then K2K. The modules construct
one vertical and one horizontal plane, and each plane has 32 modules. The
EC has a thickness of 11 radiation length along the beam direction. An
active area of the plane is 2.7 x 2.6 m?. A minimum ionizing particle with a
minimal path length deposits approximately 85 MeV. The energy resolution

for electrons was measured to be 14% /1/E(GeV) using a test beam.
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Readout Cell

Fibers beam direction

Figure 3.6: The EC consists of 1 mm diameter scintillating fibers embedded
in lead foil. The calorimeter is made of modules of dimensions 262 x 8 x 4
cm?®. Bach module is read out by two 1 inch Hamamatsu PMTs per side.

3.3.3 Muon Range Detector

The MRD (figure 3.7) is installed downstream of the EC. The MRD is de-
signed to measure the momentum of muons. It has 12 iron plates with
thickness of 5 cm and 13 plastic scintillator planes with thickness of 6 mm.
Iron plates are sandwiched between scintillator planes. Scintillator counters
are aligned altering horizontal and vertical planes with 2 inch PMTs. Total
number of PMTs are 362. Iron plates cover areas of 274 x 305 cm?. The
MRD measures the momentum of muons up to 1.2 GeV/c using the observed
muon range. Hit finding efficiency was continuously monitored using cosmic
ray data taken between beam spills. The average hit finding efficiency is

99%.

3.3.4 Triggers

There are two triggers, for neutrino data taking (beam trigger) and for detec-
tor calibration data (off-beam trigger). They are taken in every beam cycle.
One cycle is about 2 seconds. Beam trigger is a fast timing signal from the
extraction magnet on BNB. Off-beam trigger is set after the beam trigger.
Each detector takes pedestal and cosmic ray data. SciBar and the EC use
a common cosmic ray trigger generated using fast signals from the TA. The
MRD has independent self-generated cosmic ray trigger. SciBar also takes
LED data for monitoring relative gain of all channels.

Events taken by beam trigger and off-beam trigger is checked by shifter
once per hour using online event display. Neutrino events can be seen occa-
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Figure 3.7: The MRD is installed downstream of the EC. It has 12 iron plates
with thickness of 5 cm and 13 plastic scintillator planes with thickness of 6
mm.
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sionally on online monitor in the beam trigger, but most of the event display
of the beam trigger have only pedestal (no hits). Figure 3.8 is a neutrino
event candidate on online display. Vertical (left) and horizontal (right) read-
out of detectors are shown.

: -150[, b et oo b by
50 100 150 200 250 300 ] 50 100 150 200 250 300

Figure 3.8: A neutrino event candidate on online display. Vertical (left) and
horizontal (right) readout of detectors are shown.

3.4 Neutrino Events in the SciBar Detector

Figures 3.9 and 3.10 show charged current quasi elastic (CCQE) event candi-
dates from actual data. The area of dots is propotional to the ADC channel
(i.e. energy deposit). Boxes represent TDC hit information by their colors.
The track penetrating the MRD in Figure 3.9 is identified as muon. One
of the tracks in Figure 3.10 is identified as muon which decayed inside the
SciBar using the multi-hit TDC information. Existence of muon is the sign
of charged current events. Difference in dE/dx between muons and protons
can be seen. dF/dx distributions of muons and protons are shown in Figure
3.11. Protons are separated from muons with ~90% efficiency.

CC 17 production can be categorized into three different groups: nuclear
coherent interaction vA — pAm, neutron scattering vn — p~nwt and proton
scattering vp — p~prt. As shown in Figure 3.12, scattering on neutrons or
coherent interactions appears as two charged tracks with a common vertex
in the SciBar, while scattering on proton appears as three charged tracks as
in Figure 3.13. If one of the tracks is not long enough to be tracked in the
proton interaction event, i.e. as is the case for the proton track in Figure
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Figure 3.9: Event displays of
CCQE candidate. The area of dots
is proportional to ADC channels.
Boxes represent TDC hit informa-
tion. Tracks penetrating the MRD
are identified as a muon.
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Figure 3.10: Event displays of
CCQE candidate. The decay of
the muon is tagged by multiple
TDC hits.
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Figure 3.11: dFE/dz distributions of muons (left plot) and protons (right
plot). Protons are separated from muons with ~90% efficiency.
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3.13, the event can be distinguished from the neutron or coherent scattering
events by looking at large energy deposit near the vertex.

_ ||f|-| a=T T
T T

e+ N

[
Figure 3.12: CC 1m coherent or Figure 3.13: CC 17 vp — p prt
vn — p~nat candidate. Muon candidate. Muon, pion and pro-
and pion are visible. ton are visible.

There is no muon in the final state of neutral current events. Figure 3.14
shows a candidate of neutral current elastic scattering. The signature of this
event is a single proton track. The proton is identified using dFE /dx informa-
tion. Figure 3.15 shows a candidate of neutral current 7° production event.
The 2 7’s from a 7° decay produce electro-magnetic showers which can be
detected in SciBar. These features of SciBar enable us to make precise mea-
surements of neutrino-nucleus interactions in the region of neutrino energy

below 1 GeV.

3.5 Data Taking

We started data taking in June 2007 with antineutrino mode, switched to
neutrino mode in October 2007. We completed taking data of projected
protons on target (POT) for neutrino mode in April 2008, then switched
back to antineutrino mode. We completed taking data of antineutrino mode
in August 2008. So, the total beam time was about 13 months.
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Figure 3.14: Candidate of neu-
tral current elastic scattering.
Signature of this event is single
proton track. The proton is iden-
tified using dE/dzx information.
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Figure 3.15: Candidate of neu-
tral current 7° production event.
The 2 7’s from a 7° decay pro-
duce electro-magnetic showers,
which can be detected in the

SciBar.

Accumulated number of POT and number of POT which passed all data
quality cuts are shown in Figure 3.16. 2.64x10%* POT were delivered all
together. Beam quality cuts are applied to all data. Beam intensity is re-
quired to be at least 0.1 x 10'2 protons per spill. The agreement between the
readout of two troids need to be within 10%. The absolute peak horn current
is required to be greater than 170 kA. The targeting efficiency is required to
be greater than 95%. The efficiency of all the beam quality cuts is greater
than 99%. After applying all (beam and detector) data quality cuts, data
of 2.52 x 10%° POT are selected for physics analysis. As for neutrino data,
0.99 x 10?2V are selected. The rest is antineutrino data.

The number of CC event candidates is evaluated from tracks starting in-
side the SciBar every week during the data taking period. With the obtained
number, one can monitor the SciBar status. Figure 3.17 shows number of
CC event candidate normalized by POT. The flat shape for each mode and
same values for the two antineutrino mode periods shows that the SciBar
took data stably since we started data taking. Neutrino event rate is ~4.5
times larger than antineutrino event rate because of the difference between
cross-sections of neutrino-nucleus and antineutrino-nucleus scattering, and
production cross-sections of 7+ and 7~ that are parent particles of neutrino
and antineutrino beam.
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Figure 3.16: Accumulated number of POT (solid line) and number of POT
which passed all the data quality cuts (dotted line).
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Figure 3.17: Number of CC event candidates normalized by POT. The flat
shape for each mode and the same values for the two antineutrino mode
periods shows that the SciBar took data stably throughout the beam time.
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3.6 Beam Simulation

Neutrino flux at the SciBooNE is predicted using GEANT4-based [19] beam
Monte Carlo simulation. SciBooNE uses the same simulation code developed
by the MiniBooNE Collaboration [20] at FNAL.

The primary protons are generated according to the beamline optics up-
stream of the target. The interactions of primary protons with the beryllium
target are simulated according to state-of-the-art hadron interaction data.
The geometry and materials of all objects in the target hall and decay region
are modeled in the simulation code.

Predictions of the secondary particles production on beryllium target are
important for neutrino flux predictions. Experimental data of hadron inter-
action from HARP [21] and BNL E910 [22] are used. Production of secondary
protons, neutrons, charged pions, and charged and neutral kaons is taken into
account. Elastic and quasi-elastic scatterings of protons in the target are also
simulated. Particles from the primary proton-beryllium target interactions
are simulated by the GEANT4 framework taking into account all the physics
process. Hadronic re-interactions of pions and nucleons with beryllium target
and aluminum materials are particularly important. They are described by
recently updated models. A Sanford-Wang parameterization [23] describes
the double-differential inclusive production cross-section for pions and neu-
tral kaons. The Sanford-Wang parameterization of the inclusive production
cross section is given by

d*c P P
= 1— —c3—— — cgl(p — v 3.1
dpd$) al B — 69)%10[ “pg 2~ apacos=6)] - (3.1)

where p and 6 are the meson momentum and angle, pp is the beam mo-
mentum, and the constants ¢y, cs, ..., ¢y are parameters determined from fits
to meson production data from HARP and BNL E910. The Feynman scal-
ing parameterization describes the K* production cross section [24]. The
Feynman scaling parameterization is given by

d2 P2
dp;Q - Fi61<1 — |zp]) @ eap[—cs|zp| (3.2)
—crlpe x 2p|® — capy — c5p}]
where xp = pﬁM / pﬁM’maz is the Feynman scaling parameter (p) is longitu-

dinal momentum), p, is the transverse momentum of the K and the con-
stants cq, o, ..., ¢y are parameters determined from fits to experimental data
[25]]26][27][28][29][30][31][32][33]. The other hadronic processes and all elec-
tromagnetic processes are described by default GEANT4 physics lists.
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To simulate the neutrinos from the secondary particles (mesons), the
output of the GEANT4 codes is used by the second MC code as input.
The second MC generates the neutrino kinematics distributions from meson
and muon decays and obtains the final neutrino fluxes extrapolated to the
SciBooNE detector. Current best knowledge of neutrino-producing meson
and muon decay branching fractions, and decay form factors in three-body
semi-leptonic decays are used. Polarization effects in muon decays are also
accounted for.

All neutrinos that enter the detectors are considered for SciBooNE flux
predictions. Weights for each neutrino event is calculated using information
of neutrino flavor, energy, parent type and kinematics. Information from the
interaction and detector simulation such as neutrino interaction probability,
detailed detector geometry and specifications are also used.

Neutrino flux prediction at the SciBooNE detector as a function of neu-
trino energy F, is shown in figure 3.18. A total neutrino flux per proton
on target of 2.2x107% cm~2 is expected at the SciBooNE detector location
in neutrino mode. Mean neutrino energy is predicted to be 0.7 GeV. 93%
of total flux is muon neutrinos. Fraction of muon antineutrinos is 6.4% and
electron neutrinos and antineutrinos is 0.6%.
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Figure 3.18: Neutrino flux prediction at the SciBooNE detector as a function

of neutrino energy F,.
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3.7 Neutrino Interaction Simulation

NEUT [34][35] is a program for neutrino interaction simulation. Elastic scat-
tering, single meson production, single gamma production, coherent pion
production and deep inelastic scattering in both neutral and charged cur-
rents are simulated by NEUT. Nuclear effects are also considered. NEUT
handles protons, oxygen, carbon and iron as nuclear targets. The energy
range for the simulation is from 100 MeV to 100 TeV. Output from the
beam simulation is used as input for the NEUT.

3.7.1 [Elastic Scattering

Elastic scattering is implemented in NEUT using the model of Llewellyn-
Smith [36]. Fermi gas model of Smith and Moniz [37] is used for scattering
off nucleons in the nucleus. The Fermi motion of nucleons along with the
Pauli exclusion principle is taken into account. The momentum distribution
of the target nucleon is assumed to be flat up to a fixed Fermi surface mo-
mentum of 217 MeV /c for carbon and 250 MeV /c for iron. The same Fermi
momentum distribution is also used for all other nuclear interactions. The
nuclear potential is set to be 27 MeV for carbon and 32 MeV for iron. Both
vector and axial-vector form factor are assumed to be dipole. The vector
mass in elastic scattering is set to be 0.84 GeV/c?. The axial vector mass is
set to be 1.11 GeV/c?. The Q* dependence of the differential cross-section
for NC elastic scattering in NEUT is shown in Figure 3.19. Black line and
red line shows differential cross-sections for neutrino-proton scattering and
neutrino-neutron scattering respectively.

3.7.2 Resonant Single Meson Production

Resonant production of pions, kaons and etas via baryon resonances are
described by the model of Rein and Sehgal [38]. The model assumes an
intermediate baryon resonance, N*, in the reaction of vN — [N* N* —
N’'m. The differential cross-section for single meson production depends on
the amplitude for the production of a given resonance. The probability of the
baryon resonances with mass less than 2 GeV/c? is included. Those baryon
resonances with mass greater than 2 GeV/c? are simulated as deep inelastic
scattering. Lepton mass effects from the non-conservation of lepton current
and the pion-pole term in the hadronic axial vector current are included in
the simulation [39][40]. To determine the angular distribution of a pion in
the final state, Rein’s method [41] is used for the P33(1232) resonance. For
other resonances, the directional distribution of the generated pion is set to
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Figure 3.19: The Q* dependence of the differential cross-section for NC elas-
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respectively.
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be isotropic in the resonance rest frame. The angular distribution of 7™ has
been measured for v,p — p~prt [42] and the results agree well with NEUT’s
prediction.

Pauli blocking is accounted for in the decay of the baryon resonance by
requiring the momentum of the nucleon to be larger than the Fermi surface
momentum. Pion-less A decay is also taken into account, where 20% of the
events do not have a pion [43].

3.7.3 Coherent Pion Production

Coherent pion production is a neutrino interaction with a nucleus which re-
mains intact, creating one pion with the same charge as the incoming weak
current. Rein and sehgal model [44] with lepton mass correction [46] and
Kartavtsev et al. model [47] are used to simulate the coherent pion produc-
tion.

3.7.4 Nuclear Effects in Final State

NEUT simulates the interactions of the generated mesons and nucleons in
nucleus. Nucleons which have obtained recoil energy in nucleus interacts
with other nucleons bound in the same nucleus. The nucleon-nucleon elastic
scattering cross section is based on the measurements by Bertini et al. [48].
The pion production from the decay of produced A is also taken into account
according to the isobar production model [49]. Probability of nucleon-nucleon
interaction in 'O after the neutrino interaction is shown in figure3.20. No
interaction, elastic scattering, single m production, and two 7 production are
plotted.

The production of nucleons with nucleon momentum below 225 MeV /c is
suppressed by the Pauli blocking effect. Momentum above 300 MeV /¢, about
a half of the nucleons interact mainly by elastic scattering. Mean deflection
angle is shown in figure3.21. It has a peak around 45 degrees.

The concept of formation zone is also considered for all hadrons generated
in nucleus. This is a distance or time from the neutrino interaction point to
the hadron production point. The intermediate states are assumed to be
non-bound quark states. The formation length of each hadron is expressed
as

L = p/u’ (3:3)

where p is the momentum of the hadron and p?=0.08 GeV? is a fitted constant
from the SKAT experiment [50]. We can see the effect of nucleon-nucleon
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interactions in the nucleus in the significant distortion of the geometry of
particles observed in detector.

3.8 Detector Simulation

The GEANT4 framework is used for the detector simulation. Output from
neutrino interaction simulation is used as input for the detector simulation.
Geometries of the detectors, the detector frame and experimental hall are
based on survey measurements which were carried out during detector con-
struction period.

Particle Simulation in the Detectors

For the hadronic interactions in the detectors, the Bertini cascade model in
GEANT4 [51] is used.

The details of the nuclear model are discribed in reference [52][53]. The
motion of the bound nucleons, the Pauli exclusion principle, the diffuseness of
the nuclear edge, and a local potential for nucleons and pions are included in
the model. Data from several free-particle experiments are used for the cross-
sections for nucleon-nucleon and nucleon-pion reactions in the Bertini cascade
model [54][55][56][57][58][59][60][61][62][63]. Figure 3.22 shows proton-proton
total and elastic cross sections. Figure 3.23 shows the same plot for proton-
neutron. Where these data were lacking, they were estimated by use of
isospin symmetry or phase-shift analysis.

Detector Response

For the SciBar detector simulation, information of particles generated by
NEUT is used as input to the simulation. The energy loss of a charged par-
ticle in a single strip of SciBar is simulated by GEANT. This energy scale
is tuned using cosmic ray data. Scintillator quenching is simulated using
Birk’s law [64] with a value of Birk’s constant of 0.0208 cm/MeV measured
at K2K [65]. The energy deposited by a charged particle is converted to
photoelectrons using conversion factors. Conversion factors are measured for
each channel of SciBar with cosmic muons. The measured light attenuation
length of each fiber is used in the simulation. Average light attenuation
length is approximately 350 cm. Cross-talk between nearby MAPMT chan-
nels is measured in laboratory and used in the simulation. The number of
photoelectrons is smeared by Poisson statistics. The single photoelectron
resolution of the MAPMT is simulated. The number of photoelectrons is
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converted to ADC channels, and then electronics noise and threshold effects
of the TA are simulated.

TDC hit simulation includes light propagation delays in the WLS fibers.
A logical OR of 32 MAPMT channels is made for each TDC channel, and
the time of each hit is converted to TDC channels. Multiple TDC hits in
each channel are simulated.

In the EC detector simulation, true energy deposition in scintillating
fibers in the detector is converted to the number of photoelectrons using
the conversion factor. The conversion factor is measured for each channel
with cosmic muons. The attenuation of light in the fiber is simulated us-
ing the measured attenuation light value. The number of photoelectrons is
smeared by Poisson statistics and by the PMT resolution, and then con-
verted to ADC counts. The time-dependent ADC gain due to the overshoot
of the PMT signal is simulated based on a measurement with cosmic muons.
Electronics noise is also simulated.

For the MRD detector simulation, true energy deposition in each scin-
tillator is converted to ADC channels using the conversion factor measured
with cosmic muons. The attenuation of light in the scintillator and electron-
ics noise are simulated. Gaps between scintillator counters in each plane are
included in the simulation. The time of energy deposition is digitized and
converted into TDC channels.

3.9 Dirt Simulation

Recoiled particles recoiled by neutrinos inside dirt or wall of experimental hall
around the detector sometimes enter the detector and make hits or interact
with particles inside the detector. These events are called ‘dirt events’. Dirt
events mimic neutrino interactions in SciBar and can become backgrounds.
For NC elastic analysis, the major background is protons recoiled by neutrons
from the dirt (dirt neutron). Since both the signals and dirt neutron events
are single proton track, it is difficult to distinguish the signals from dirt
neutron events. To estimate backgrounds from dirt events, they are simulated
using the beam simulation, NEUT and the detector simulation. The beam
simulation is extended to cover a volume of 10 x 10 x 10 m?, taking the
detector origin as a center (figure 3.24). Gray areas indicate the dirt volume.
For NEUT, carbon is used for the material of the dirt with density 2.15
g/cm?. For detector simulation, default composition of concrete which is
available in GEANT4 is used for the material of the dirt. Density is 2.15
g/cm? based on a survey measurement. In this simulation, same material
and density are used for dirt and walls of the experimental hall.
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Figure 3.24: Geometry of dirt for the dirt simulation. Gray areas indicate
dirt volume. The geometry of 10 x 10 x 10 m?, taking detector origin (red
point) as a center were considered.
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Chapter 4

Analysis of Neutral Current
Elastic Scattering

Figure 4.1 shows a candidate of neutral current elastic scattering from Sci-
BooNE data. Signature of this event is single proton track. The proton
is identified using the stopping range and dF/dx informaiton. Analysis for
evaluating the cross section for neutrino-nucleon neutral current elastic scat-
tering is performed.

Flow chart of this analysis is shown in Figure 4.2.

4.1 Track Reconstruction

Tracks in SciBar are reconstructed as two-dimentional (2D) tracks in each
view of SciBar using a cellular automaton algorithm [66]. Three dimentional
(3D) tracks are reconstructed by matching the timing of 2D tracks and z
position of track edges. The conditions for matching requires the timing
difference between two 2D tracks to be less than 50 ns and the z-edge differ-
ence to be less than 6.6 cm for both upstream and downstream edges. The
hit threshold for tracking is set to two photoelectrons. Reconstructed tracks
are required to penetrate at least three layers. Due to this requirement, the
minimum length of a reconstructed track is 8 cm.

4.2 Monte Carlo Normalization

All MC events used in this analysis is normalized with a data over MC ratio
of number of CC events N°/N{j.. CC events are identified by matching a
track in SciBar and a track or hits in the MRD. The track which satisfied
this condition is called SciBar-MRD matched track. The most energetic
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Figure 4.1: A candidate of neutral current elastic scattering from SciBooNE
data. Signature of this event is single proton track. The proton is identified
using stopping range and dE/dx information.

56



Data

(1) Muon Veto

‘ (2) One Track Event Selection ‘

i

‘ (3) Decay Particle Rejection ‘

(4) dE/dx Cut

‘ (5) Background Subtruction ‘

4

‘ (6) Track Length Cut ‘

A
‘ (1) Detector Unfolding ‘

¢

! (2) Detection Efficiency Correction ‘

selection of neutral
current scattering
events

unfolding and

l corrections
‘ (3) Nuclear Effect Correction ‘
S ey T S S s t ______ 4
Differential Cross Section do/dE_ ‘ ‘ Differential Cross Section d o/dQ?

Figure 4.2: Flow chart of this analysis.

o7



SciBar-MRD matched track is considered as a muon candidate. A MRD
track is required to have the upstream track edge on the first two layers of
the MRD. The transverse distance between the two tracks at the first layer
of the MRD is required to be less than 30 cm. The requirement on the
difference between track angles with respect to the beam direction is given
by [0rrp — OsciBar| < Onax where Oy 4x is a function of the length of the
MRD track. 60p;4x varies between 0.4 to 1.1 radians. At least two layers
with hits in each view are required for track reconstruction in the MRD. If
no MRD track is found, the SciBar track is extrapolated to the MRD and
search for nearby contiguous hits in the MRD identifying a short muon track.
For matching MRD hits to a SciBar track, the MRD hit is required to be
within a cone with an aperture of +0.5 radian and a transverse offset within
10 c¢m of the extrapolated SciBar track at the upstream edge of the MRD.
The timing difference between the SciBar track and the track or hits in the
MRD is required to be within 100 ns. Lower limit of the momentum of muon
with matched track is 350 MeV /¢ due to these matching criteria.

4.3 Event Selection

Event selections using geometrical information and particle identification are
performed to pick up NC elastic events in fiducial volume (FV). FV is defined
from 3rd layer to 62th layer, £130 cm from detector center along the axis
perpendicular to the beam direction.

4.3.1 Geometrical Selection
Veto

Outside the FV of the SciBar is used for veto to avoid charged particles
entering the SciBar from outside and escaping from inside the SciBar. Veto
uses a clustering method. Definition of cluster is more than two hits with
photoelectrons larger than 10 in a distance less than two cells. If there is any
cluster in veto region and time difference between the track inside the F'V and
the cluster is less than 100 ns, event is rejected. This method automatically
selects tracks contained in F'V. Tracks need to be contained so that kinetic
energy of recoil proton is reconstructed correctly.

EC is also used for veto. The purpose of the EC veto is to reject NC
7% events in which 2y from 7% decay escape from SciBar without making
electromagnetic shower. If there is a coincidence of a pair of PMTs of at
least one EC module, event is rejected. It reduces 11.9% of backgrounds
from NC pion production.
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One Track Event Selection

For NC elastic sample, only events with one track are selected. 2D track in
both view are required to be single track. In case tracks do not penetrate
three layers because of large angle or short length, they are not reconstructed.
To detect such tracks, two additional methods are used. For large angle
tracks, more than five continuous hits with 5 photoelectrons in the same
layer are considered as one track. Time difference between reconstructed
track and all hits are required to be less than 100 ns. Searching area of large
angle track is from two layers upstream to two layers downstream of the
vertex. For short tracks and other tracks that are not reconstructed, total
energy deposit from track-unrelated hits is used. Total energy deposit is
calculated for each view. Hits with more than 10 photoelectrons are used for
energy deposit calculation to pick up minimum ionizing particles, considering
light attenuation by WLS fibers. Figure 4.3.1 shows total energy deposit of
track-unrelated hits on top and side of SciBar. The threshold to select one
track events is set to 30 MeV for both top and side view.

1ot top view Y side view
9 ’ + data 8 } data
10 ¥ NCEL (SciBar) 10k B NCEL (SciBar)
& other (SciBar) other (SciBar)

l MC dirt i McC dirt

I
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Figure 4.3: Total energy deposit of track-unrelated hits on top and side of
SciBar. Data are compared to MC simulation. The threshold to select one
track events is set to 30 MeV for both top and side view. In these plots,
dots with error bars is data and others are MC simulation. Red is NC elastic
events, yellow is other interaction, and green is dirt events.
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4.3.2 Particle Identification

To identify protons, two types of process were performed: decay particle
rejection and dE/dx cut. Decay particle rejection uses multi-hit TDC infor-
mation. dE/dx cut uses energy deposit along the track and track length of
reconstructed tracks.

Decay Particle Rejection

Muons and charged pions stopped inside SciBar FV is identified using mul-
tiple TDC hit. If a muon decays inside SciBar, there are two TDC hits: one
from the muon, the other from the electron from decay muon. TDC infor-
mation in areas of 17 x 17 channels around upstream and downstream track
edges is checked for both top and side view. TDC hits within 100 ns from
the first hit are ignored due to TDC dead time. There are two criterias for
tagging decay particles corresponding to two cases.

Case 1: There are multiple TDC hits on both top and side view.

To avoid mis-identification by multiple TDC hits from noise, the same time
interval between first hit and 7th hit are required for both top and side view.
If the difference of the time interval on top and side is less than 20 ns, they
are identified as hits from decay particles (figure 4.4).

Case 2: There are multiple TDC hits only on one view.

The time of the ith hit in one view and the time of the first hit in the
other view are compared. If the time difference of those hits is less than 20
ns and the first hit which is not followed by second hit have more than 10
photoelectrons, it is also identified as a signal from decay particles (figure
4.5).

Muon lifetime is measured using data tagged as muon decay. Figure 4.6
shows the time distribution of muon decay sample. Horizontal axis is the time
interval between primary TDC hits and secondary TDC hits that matched
on top and side view. From the result of fitting, muon lifetime is 2.09 ps.

dE/dz Cut

Protons have larger energy deposit compared to muons, charged pions and
electrons for the same track length. Thus, protons can be identified using
dE/dz information. dE/dx is calculated by total energy deposit along the
track divided by the track length. Figure 4.7 shows track length v.s. dE/dz.
Red points represent protons and black points represent other particles such
as muons, charged pions and electrons. Line shows the cut for proton identifi-
cation. Particles above the line are identified as protons. dE/dz distributions
for several track length are shown in figure 4.3.2. dF/dx is calculated from
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matched on top and side view.
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total energy deposit of the track divided by the track length. The peak with
large dE/dz is from proton track while the peak with small dE/dz is from
muons, charged pions and electrons. Using this cut, protons are distinguished
from other particles with 95% purity and 95% efficiency where efficiency is
defined by number of protons above cut divided by total number of protons.

€ 250
S"ﬂ 3% ' * protons
g j A e others
= anl — cut
> 20
B
L
© w

15

10,.§

5,

i f‘=' ] ‘- | | P T ) ‘ L Ll ‘ 1 \4[,‘ L lal ‘ Ll | ‘ Ll
00 20 40 60 80 100 120 140 160
track length (cm)

Figure 4.7: Track length v.s. dE/dx. Red points represent protons and black
points represent other particles such as p*, 7% and e*. Line shows the cut

for proton identification. Particles above the line are identified as protons.

Angular distribution of NC elastic sample is shown in figure 4.9. 6 is an
angle of the track with respect to the z direction. Length distribution (left
figure) and data/MC ratio (right figure) of NC elastic sample are shown in
figure 4.10. There are data excesses in regions of the angle greater than 60°
and the track length shorter than 30 cm.
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Figure 4.8: dF/dx distributions for several different track lengths. The top
left is 0-10 cm, the bottom right is 70-80 cm. dE/dx is calculated from
total energy deposit of the track divided by track length. The peak at large
dE /dx is from proton track while the peak at small dE/dx is from other MIP
particles. Data are compared to MC simulations. In these plots, dots with
error bars is data and others are MC simulation. Red is NC elastic events,
yellow is other interaction, and green is dirt events.
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Figure 4.9: Angular distribution of NC elastic sample. # is an angle of the
track with respect to the z direction. Data are compared to MC simulation.
Dots with error bars is data and others are MC simulation. Red is NC elastic
events, yellow is other interaction, and green is dirt events. Right plot shows
data/MC ratio.
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Figure 4.10: Length distribution (left figure) and data/MC ratio (right figure)
of NC elastic sample. Data are compared to MC simulation. Dots with error
bars is data and others are MC simulation. Red is NC elastic events, yellow
is other interaction, and green is dirt events. Right plot shows data/MC
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Proton kinetic energy is reconstructed from track length. To obtain ki-
netic energy from proton track length, a relationship between them are stud-
ied using true proton kinetic energy and true proton track length inside
SciBar in MC simulation. Figure 4.11 shows true proton kinetic energy v.s.
true proton track length. A line is a result of fitting. Distribution of proton
kinetic energy is shown in figure 4.12. There is a data excess with proton
kinetic energy less than 0.2 GeV which corresponds to proton track length
of 30 cm and @Q? of about 0.4 (GeV/c)?.

There is a possibility that tracking algorithm works differently for data
and MC when a track is short. Currently the discrepancy between data and
MC in the region of proton kinetic energy less than 0.2 GeV is being studied.
In this region, there is also a large contribution of dirt events. Data with
proton kinetic energy greater than 0.2 GeV are used for further analysis.
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Figure 4.11: True proton kinetic energy v.s. true proton track length from
MC simulation. A line is a result of fit.
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4.4 Background Estimation

There are two major backgrounds in the NC elastic sample. One is from NC
pion production without electromagnetic shower caused by gammas from
decay neutral pion. The other background is from protons recoiled by dirt
neutrons. Both of backgrounds are estimated using MC simulation. NC
pion production candidates are, in usual case, events with two tracks of
electromagnetic shower caused by two gammas from decay neutral pion. NC
pion production at SciBooNE is now being studied [67]. In this analysis, NC
pion production candidates shows good agreement between data and MC
in number of event, geometrical information of the signal and reconstructed
mass of neutral pions. Current MC simulation for NC pion production can
be used for background estimation.

Dirt MC simulation was checked whether tuning is needed or not. There
are more dirt events in upstream part of SciBar than downstream part. Fig-
ure 4.13 shows distributions of vertex position along z axis v.s. track length
of data (left), SciBar MC (middle) and dirt MC simulation (right). SciBar
is divided into 8 bins along z direction to compare number of events at up-
stream part with that of downstream part. Fifth bin is taken as a reference
and is compared with first, second and third bins.

2

track length (cm)
track length (cm)
track length (cm)

Figure 4.13: Vertex position along z axis v.s. track length of data (left),
Monte-Carlo simulation in SciBar (middle) and dirt Monte-Carlo simulation
(right). SciBar is divided into 8 bins along z direction to compare number
of events at upstream part with that of downstream part. Fifth bin is taken
as a reference and compared with first, second and third bins.

Track length distributions of (upstream bins)-(fifth bin) are shown in
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figure 4.14. Data and sum of SciBar MC and dirt MC are compared. Data
agrees with MC simulation within statistic error.
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Figure 4.14: Track length distributions of (upstream bins)-(fifth bin). Data
agree with Monte-Carlo simulation within statistic error.

Particles which have roots in dirt events and make NC elastic scattering-
like track in SciBar are shown in Table4.1. 95% of the dirt background is
proton track. Fractions of the neutrino interactions in the dirt which make
proton track in SciBar are shown in Table4.2. Proton tracks from dirt events
are mainly recoiled by neutrons from the dirt. Neutrino-neutron NC elastic
scattering (vn — vn) in the dirt have the largest contribution to the dirt
background.
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‘ particle ‘ number of events ‘

proton 1814
electron 64
muon 4
pion 19

total 1901

Table 4.1: Particles which have roots in dirt events and make NC elastic
scattering-like track in SciBar.

| interaction | fraction (%) |
NC elastic (vp — vp) 3
NC elastic (vn — vn) 30
NC pion production 13
CC elastic (vn — p™p) 16
CC pion production 27

Table 4.2: Fractions of the neutrino interactions in the dirt which make a
proton track in SciBar.

4.5 Event Selection Summary

Summary of the NC elastic event selection is shown in Table 4.1. MC (signal)
is vp — vp and vn — vn in MC simulation. MC (B. G.) is a total of non-NC
elastic events in SciBar and all dirt events. After event selection, there are
8441 events in data and 7675 events in MC.

| event selection | data [ MC (signal) | MC (B. G.) | purity (%) |
total 1877675 34962 161296 21.7
veto 123501 27962 96341 22.5
1 track 18325 5200 16415 24.7
decay particle rejection || 13917 5017 7739 39.3
dE/dz cut 8441 4340 3335 56.5

Table 4.3: Event selection summary table of the NC elastic event selection.
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4.6 Detector Unfolding

Proton kinetic energy distribution after background subtraction is shown in
figure 4.15. Bin width is changed considering the bin width of Q? distribution
which is reconstructed from proton kinetic energy.

e f
3 600 1] — data
° L — Mc
5001 (NC elastic)
4001
C |
300
200 :,
100 |
- A .

1 | | 1 I | | | | I 1 1 | | | 1 1 | | I 1 1 |
O 0.1 0.2 03 04 05
E, (GeV)

Figure 4.15: Proton kinetic energy distribution after background subtraction.

Proton kinetic energy is smeared by track length resolution of the detec-
tor. Detector unfolding is applied to the NC elastic sample after background
subtraction. Figure 4.16 shows distribution of true proton kinetic energy v.s.
proton kinetic energy reconstructed from measured track length using track-
ing algorithm (left figure). Both quantities are from MC simulation. From
this relationship, detector unfolding matrix was made (right figure).
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Figure 4.16: Proton kinetic energy reconstructed from track length using
Monte-Carlo simulation v.s. proton kinetic energy reconstructed from mea-
sured track length using tracking algorithm (left figure). Both quantities are
from MC simulation. From this relationship, unfolding matrix was made
(right figure).
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Detector unfolding matrix Uy, is defined as

0.64 0.11 0.04 0.03 0.02 0.01 0.01 0.01 O 0
0.33 0.80 0.12 0.05 0.04 0.03 O 0 0 0
0.01 0.08 0.79 0.09 0.03 0.02 0.03 0.02 0.01 O
0 0 0.05 079 0.09 0.03 0.02 0.02 0.04 0.02
0 0.04 079 0.08 0.04 0.01 O 0
0 002 081 010 0 0 0
0 002 077 012 0 0
0 0 0 081 008 0
0 0 0 0.01 0.83 0.09
0 0 0 0 0 0.89

Udet =

OO OO OO
O O O O OO
o O O O O

0
0
0
0

Number of events in the ith bin of true proton kinetic energy is obtained
using the unfolding matrix as follows:

ni™te =y ugne (4.1)
J

where j is the bin of reconstructed proton kinetic energy, n;* is the number
of events in jth bin, and w;; is the (j,7) element of the unfolding matrix.
Figure 4.17 shows proton kinetic energy distribution after detector un-

folding.

4.7 Efficiency Correction

After detector unfolding, proton kinetic energy distribution is still biased by

detector acceptance and tracking efficiency. To obtain unbiased distribution,

correction for detection efficiency is needed. Detection efficiency is defined

using MC for each true proton kinetic energy bin as number of events in NC

elastic sample divided by total number of events generated in SciBar. Figure

4.18 shows the detection efficiencies for each proton kinetic energy bin.
Yield of ith bin Y; is written as

Y; = nl"¢ (4.2)

where ¢; is the detection efficiency for ¢th true proton kinetic energy bin.
Proton kinetic energy distribution after efficiency correction is shown in
figure 4.19.
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Figure 4.17: Proton kinetic energy distribution after detector unfolding.
Data are compared to MC simulation.
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Figure 4.18: MC true proton kinetic energy v.s. detection efficiency.
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Figure 4.19: Proton kinetic energy distribution after efficiency correction.
Data are compared to MC simulation.
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4.8 Cross Section

Cross section is evaluated from the yield, the number of neutrinos that en-
tered the detector, and the number of targets:

do; Yi/(AE,)

dEp NPOTNtarget f ¢V(Eu)dEV

(4.3)

where do;/dE, is ith E, bin of the differential cross section. Y; is a yield
of ith bin after several corrections. AFE, is the bin width of the £, dis-
tribution. Npor and Nigrger are the number of proton on beryllium target
and the number of nucleons in SciBar FV. ¢,(E,) is the neutrino flux. For
this analysis, data sample of 9.9x10' POT are used. Neutrino flux cannot
be measured directly. It is evaluated using neutrino beam MC simulation.
Integrated flux [ ¢,(E,)dE, is determined to be 1.91x107% (1/(cm?-POT))
using beam MC simulation. Nig,ge is calculated by Nygrger = NaMgp where
N, is Avogadro’s number, Mg = 9.38 x 10° g is the mass of SciBar FV.

Differential cross section as a function of proton kinetic energy is shown
in figure 4.20. Error bars include statistical error only. Systematic error is
estimated in Section 4.9.
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Figure 4.20: Differential cross section as a function of proton kinetic energy.
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4.9 Systematic Uncertainty

4.9.1 Neutrino Beam

The sources of the systematic uncertainty in the neutrino beam mainly come
from secondary particle production, hadronic interactions, horn magnetic
field and number of protons on target. Details are written in reference [20].

Secondary Particle Production

Secondary particles such as pions and kaons from the proton-beryllium tar-
get interaction is simulated by the beam simulation using two models. The
Sanford-Wang model is used for 7+, 7~ and K° productions. The Feynman
scaling model is used for K production. The Sanford-Wang parameteri-
zation and the Feynman scaling parameterization are discussed in Section
3.6. The uncertainty in the fitted parameters is evaluated by varying the
parameters of the models.

Hadronic Interactions:

The uncertainty in the hadronic interactions such as proton-beryllium inter-
actions and the probability for mesons to survive possible hadronic interac-
tions in the target or horn and decay to produce neutrinos. Uncertainties in
the cross sections of these interactions affect both the rate and shape of the
flux.

Horn Magnetic Field:

The uncertainty in the modeling of the current within the inner cylinder
in the magnetic focusing horn is taken into account. The horn current has
uncertainty of +1 kA.

Protons On Target:

The uncertainty in the measurement of the number of protons delivered to
the target is evaluated to be ~2%. This uncertainty is considered as a nor-
malization error of the cross section.

The change in the neutrino flux due to these uncertainties is calculated by
using random parameter vectors and weighting each event by a factor cor-
responding to the variation of the yield of the parent meson with the given
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momentum and angle. 1,000 parameter vector sets are used for the calcu-
lation. Systematic uncertainty in the NC elastic cross section due to the
uncertainty in the neutrino beam is shown in Figure 4.21.
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Figure 4.21: Systematic uncertainty in the NC elastic cross section due to
the uncertainty in the neutrino beam.

4.9.2 Neutrino Interaction

Axial vector mass My is set to 1.1 GeV/cQ. The uncertainty in M4 is es-
timated to be approximately +0.1 GeV/c? based on results from K2K [68]
and MiniBooNE [69] experiments. My is varied to 1.2 GeV /c* considering
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the results from these experiments and the other results from the past exper-
iments [70] to estimate the systematic uncertainty due to M, value. Figure
4.22 shows the systematic uncertainty due to M4 uncertainty.

S 4 ox10%
S 167
NQ_ C e data
E 14 « MC
%Q :_ systematic
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b -
L
0.8
0.6
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0 0.1 0.2 0.3 0.4 0.5 0.6
E, (GeV)

Figure 4.22: The systematic uncertainty due to M4 uncertainty.

4.9.3 Detector Response

The uncertainty in detector response comes from the measurement error of
the cross talk, the scintillator quenching, single photoelectron resolution and
the hit threshold for track reconstruction. Since only tracks with large energy
deposit are used for NC elastic analysis, the uncertainty in the crosstalk and
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the scintillator quenching are dominant.

Crosstalk

Crosstalk of the MAPMT is measured for an adjacent channel, a diagonal
channel and a next-to-next channel. The amount of the crosstalk for an
adjacent channel and an diagonal channel are 3.15% and 0.7%, respectively.
The amount of the crosstalk for a next-to-next channel is from 0.1% to 0.3%.
The absolute error of the crosstalk to the adjacent channel is estimated to
be 0.4%.

Scintillator Quenching

Scintillator quenching is simulated using Birk‘s law [64]. Birk‘s constant of
the SciBar scintillator is measured to be 0.0208 £0.0003(stat.) £0.0023(sys.)
cm/MeV [65].

The uncertainty in NC elastic cross section due to the crosstalk is estimated
by varying crosstalk value to 2.75% and 3.55% in the simulation. The uncer-
tainty in NC elastic cross section due to the scintillator quenching is estimated
by varying the Birk‘s constant by £0.0023 cm/MeV in the simulation.

Figure 4.23 shows the systematic uncertainty due to the uncertainty in
the detector response.

4.9.4 Total Systematic Uncertainty

All the systematic uncertainties discussed in this section are combined. Fach
systematic uncertainty is independent to others. Figure 5.1 shows total sys-
tematic uncertainty in NC elastic scattering cross section as a function of
proton kinetic energy.
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Figure 4.23: The systematic uncertainty due to the uncertainty in the detec-
tor response.
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Figure 4.24: Total systematic uncertainty in NC elastic scattering cross sec-
tion.
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4.10 Nuclear Effect Correction

Q? is calculated correctly from recoiled proton kinetic energy if the target
proton is at rest in the initial state and does not interact with any nucle-
ons. However, in the real case, the target protons have Fermi momentum.
They are also bound with nuclear binding energy. Furthermore, they are
occasionally rescattered by other nucleons in the same nucleus. Recoiled
proton kinetic energy or scattering angle change due to these effects. These
effects are called nuclear effects. It mainly comes from Fermi momentum
in the nuclei. Since Q? is reconstructed from recoiled proton kinetic energy,
Q? is smeared. Figure 4.25 shows a distribution of % reconstructed from

proton kinetic energy v.s. Q? calculated from the neutrino momentum using
Monte-Carlo simulation.

& &
T Mr R 0.35
> >
8 i v
8 Q12 0.3
o r o
c ¢ ]
[ + o 1 10.25
— " S
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0.8 i 0.2
0.6 0.15
0.4_ 0.1
0.2 0.05
e L gyt gn Lpgglag gl fopag b g L i i g Li t5
% 02 04 06 08 1 12 14 ; 4 06 08 12 14
reconstructed Q2 ((GeVi/c)?) reconstructed Q2 ((GeV/c)?)

Figure 4.25: * reconstructed from proton kinetic energy (left) v.s. Q? cal-
culated from the neutrino momentum using Monte-Carlo simulation (right).

Unsmearing matrix for nuclear correction U, is made from this distri-
bution. U, is defined as
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0.27 020 0.04 0 0 0
0.25 0.36 0.19 0.06 O 0
0.16 0.23 0.35 0.19 0.09 0
0.09 0.09 0.08 0.28 0.17 0.06 0
0.07 0.05 0.06 0.24 0.23 0.18 0.03 O
0.03 0.02 0.02 0.09 0.27 0.20 0.09 0.04 0
0.03 0.02 0.01 0.04 0.12 0.25 0.17 0.05 0.02
0.02 0.01 0.01 0.03 0.08 0.19 0.30 0.22 0.09
0.01 001 0 0.01 0.04 0.08 0.18 0.18 0.19
0 0 0 001 0.01 006 0.11 0.17 0.01
0 0 0 0 0.01 0.02 006 0.17 0.13
0 0 0 0 001 0.01 004 0.12 0.38

o O O
o O O O
o O O O O

Unucl

Reconstructed Q? can be corrected using unsmearing matrix. The same
technique as the detector unfolding matrix is used. Figure 4.26 shows Q?
distribution after nuclear effect correction.

Differential cross section as a function of Q? is evaluated using Q? distri-
bution after nuclear effect correction. Differential cross section as a function
of % is shown in figure 4.27. Error bars include statistical error only.

Since nuclear effects that generated in MC are used for nuclear effect
correction, this @2 distribution is dependent on the model of the nuclear
effects in MC. Study of the systematic uncertainty in Q? distribution after
nuclear effect correction must include the systematic uncertainty in the model
of nuclear effects in MC.
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Figure 4.26: * distribution after nuclear effect correction. Data are com-
pared to MC simulation.
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Figure 4.27: Differential cross section as a function of Q2. Error bars include
statistical error only.
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Chapter 5

Result

Differential cross section as a function of proton kinetic energy and Q? is
measured using NC elastic data sample taken in SciBar. Signature of this
event is single proton track. 8441 events in total are selected from all neutrino
mode run. Those data correspond to 9.9x10 POT. Number of events in
MC simulation is normalized by number of SciBar-MRD matched tracks.
SciBar-MRD matched tracks are candidates of muons from CC reactions
inside SciBar.

NC elastic data sample includes backgrounds mainly from NC pion pro-
duction and dirt events. Those backgrounds are estimated and subtracted
using the MC simulation. After the background subtraction, proton kinetic
energy distribution of pure NC elastic data sample is obtained. Since proton
kinetic energy distribution is biased by tracking resolution and detection ef-
ficiency, some corrections is performed to obtain unfolded distribution. Q? is
reconstructed using proton kinetic energy. Nuclear effect correction need to
be done to obtain the true @? distribution by comparing true Q? and recon-
structed Q% using MC. However, nuclear effect is dependent on the nuclear
model in MC. First, NC elastic cross section as a function of proton kinetic
energy is evaluated as the model independent result. Differential cross section
is evaluated using proton kinetic energy distribution after detector unfold-
ing and efficiency correction. Integrated flux is determined to be 1.91x107%
(1/(cm?POT)) using beam MC simulation. Systematic uncertainty in NC
elastic scattering cross section is estimated from uncertainties in neutrino
beam, neutrino interaction and detector response.

Figure 5.1 shows total systematic uncertainty in NC elastic scattering
cross section as a function of proton kinetic energy.

Differential cross section do/dQ? is evaluated using Q? distribution after
nuclear effect correction.

Figure 5.2 shows differential cross section evaluated from data. Error bars
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Figure 5.1: Total systematic uncertainty in NC elastic scattering cross sec-
tion.
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include statistical error only. Systematic errors will be evaluated. Figure 5.3
shows differential cross section with the prediction from the MC simulation.

Figure 5.4 shows differential cross section compared with the experimental
data from BNL E734 and MiniBooNE experiments. Error bars of E734
and MiniBooNE data include statistical and systematic errors. BNL E734
data shows the cross section for vp — vp scattering while SciBooNE and
MiniBooNE data show the cross section per nucleon (vN — vN). Since
MiniBooNE uses the same neutrino beam, it can be compared directly to the
SciBooNE result. The result is in good agreement.
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Figure 5.2: Differential cross section as a function of Q2. Error bars include
statistical error only.
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Figure 5.3: Differential cross section after corrections. Cross section from
data is compared with MC simulation. MC plot is from NC elastic sample

and processed in the same way as data. Error bars include statistical error
only.
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Figure 5.4: Figure 5.4 shows differential cross section compared with the
experimental data from BNL E734 and MiniBooNE experiments. Error bars
of E734 and MiniBooNE data include statistical and systematic errors. BNL
E734 data shows the cross section for vp — vp scattering while SciBooNE
and MiniBooNE data show the cross section per nucleon (VN — vN).
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Chapter 6

Conclusion

Cross section for NC elastic scattering is measured as a function of proton
kinetic energy and Q2. Data taken by SciBooNE detector in neutrino mode
with POT of 9.9x10' are used.

Signal of NC elastic scattering is a single proton track. In vp — vp
process, the recoil proton is detected. On the other hand, most of vn — vn is
invisible because there are only neutral particles in final state, but sometimes
recoil neutron is scattered by proton and recoil proton is detected. Signal
of this event is also single proton track. Geometrical information is used for
the event selection for the single track contained in SciBar fiducial volume.
dE /dz information of reconstructed track is used for proton identification.

After the event selection, NC elastic scattering sample which includes
vp — vp and vn — vn is obtained.

The summary is:

e Neutrino is a clean probe to study nucleon and nuclear structure as it
interacts only with weak force. The cross-section for neutrino-nucleon
NC elastic scattering was measured in Q? > 0.4 GeV? region by E734
experiment at BNL. Result from this experiment was the only published
data for NC elastic scattering cross-section before our experiment.

e SciBooNE is an experiment for the measurement of neutrino-nucleon
scattering cross-section in the region of the neutrino energy below 1
GeV. In this energy region, the fraction of NC elastic scattering is
evaluated to be 17.6% of total neutrino interaction.

e Signature of NC elastic scattering is single proton track. Event selection
using geometrical information, multiple TDC hits, the stopping range
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and dF /dx information was performed.

e 8441 events in total are selected from all neutrino mode run. Those
data correspond to 9.9x10' POT.

e Major backgrounds are NC pion production and dirt neutrons. Dirt
neutrons are neutrons recoiled by neutrino beam inside the walls of
experimental hall or dirt around the detectors. Those backgrounds
were estimated using MC simulation.

e After the proton kinetic energy distribution of pure NC elastic data
sample was obtained, detector unfolding and efficiency correction were
performed. These corrections are for the proton kinetic energy distribu-
tion smeared by tracking resolution and biased by detection efficiency.

e Differential cross-section was evaluated using unfolded proton kinetic
energy distribution, the number of neutrinos that entered the detec-
tor, and the number of nucleon target. The number of neutrinos is
determined using the beam MC simulation.

e Systematic uncertainty in NC elastic scattering cross section comes
from uncertainties in neutrino beam, neutrino interaction and detector
response.

e Nuclear effect correction was performed to obtain )? distribution.

e Differential cross-section was compared with the results of previous
NC elastic scattering cross-section measurement from BNL E734 and
MiniBooNE. The SciBooNE result agrees well with them.

This thesis presents differential cross-section measurement of NC elastic
scattering at SciBooNE. The result agrees well with previous NC elastic scat-
tering cross-section measurement from BNL E734 and MiniBooNE. Further
analysis such as detailed estimation of the nuclear effects are in the scope as
a next stage of analysis.
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